Errata, SAND97-0170
The following was omitted, in printing, from the reverse side of the title page: Acknowledgment I wish to thank James R. Wait, Professor Emeritus of the University of Arizona, and David A. Hill, of the National Institute of Science and Technology at Boulder, Colorado, for discussions of their paper which was the basis for the computation of the electromagnetic fields. Herman A. Watts, Department 1273, provided a derivation which significantly decreased the computation time.
On page 7, replace the paragraph beginning Distance with:
Distance. Increasing the antenna separation distance is dubious for two reasons: The allowance for the scattering loss would have to be increased because of the greater scattering angle, and the increased path length in the metal would further decrease the signal because of the exponential attenuation. 
Introduction
The basic idea is to transmit an electric field which is parallel to the axis of the tube, and which will reflect off the exterior wall and return to an internal receiver. It is assumed that the return from a crack-anomaly will be distinguishable from that of an acceptable part of the tube wall,-and that the interior of the tube is filled with air. A pulse-type system cannot be used because the small dimensions of boiler tubes, whose inner diameters are generally 10cm or less, would require such a high-frequency system that the thickness of the metal wall would completely absorb the electromagnetic field before the field could reach the exterior.
A single-frequency, continuous-wave syste~in which the transmitting and receiving antennas are designed to minimize the crosstalk between them, is presented here. The crosstalk constitutes a 'self-clutter' which will set the lower bound to the signal-to-noise ratio of the system. The choice of operating frequency must iidfill these opposing criteria:
1. The frequency must be low enough that the round-trip attenuation along the two-way path in the metal will be small enough to allow a detectable returned signal level at the receiver. This attenuation constraint upon the frequency will ensure that the operating frequency is below the cutoff frequency of the cylindrical waveguide formed by the tube. -In other words, the receiver will not be excited by a waveguide mode per se. As a practical matter, to ensure detectability, I require that the rms returned signal be at least twice as great as therms level of the clutter.
2. The frequency must be high enough so that cracks of some specified minimum size can be detected.
These two criteria are not separable, and, to make matters worse, the fractional amount of the field incident upon an anomaly that will be returned toward the intenor of the tube is not yet known. I will assume that this scattering loss is fixed at 1/100 (-40dB) for present purposes.
One way to examine the effect of both frequency and clutter is to compare the magnitude of the field transmitted into the tube wall, attenuated by the both path loss and scattering loss, with the magnitude of the self-clutter field. This signal-to-clutter ratio, or SCR, can be written as follows:
where d = wall-thickness of the tube, and C$ = the skindepth (later defined). The SCR is defined as go E~igml,rm,
which becomes:
&z5-17":d-40

SCR(dB) = 20L0 (3)
In this formula the 2ndterm is the two-way path loss, the 3d term is the scattering loss, and E transmit and Eclufler are computed according to .
The target will be considered detectable only if the SCR is 6dB or more. A discussion of the computation of the fields with application of the SCR to a metal boiler tube is given below.
The Primary Field
Because the use of an electric field parallel to the tube axis is considered, it is desirable to have a transmitter which not only provides such a field at the intenor wall of the tube, but which also has an absence of such a field elsewhere in the tube where a receiving element could be placed.
Consider a Cartesian coordinate system in which the Z-axis will later be placed along the axis of an air-filled tube. In the absence of the tube, the Z-component of the electric field provided by an infinitesimal magnetic dipole whose moment is along the X-axis is given by: (4) where:
j= J-l; v = permeabtity of free space, Henries/meteq o = 2nf = radian iiequency, seconds-l; k = a + j~= the propagation fictor, meters-l; =L= the loss tangent; o&r&o SO=the dielectric constant of free space, Farads/m; S,= the relative dielectric constant; c= conductivity, Siemens/m; c = speed of ele.gtromagnetic propagation in free space, m/s; I = dipole current, peak Amperes; dA = dipole arm mete~; and (~e p) are the usual spherical coordinates. This formula for Ez is not defined at the origi~R = O, where the magnetic dipole is located. The magnitude of Ez is a maximum in the plane O= 90°and along the direction q = MO", and is zero whenever either t?or p are either 0°or 180°. In the Cartesian coordinates, Ez is a maximum along the i Y-axis and is zero in the XZ-plane aside from the origin. An infinitesimal electric dipole, aligned parallel to the Z-axis and placed anywhere in the XZ-plane, aside from the origi~would be completely uncoupled from the transmitter. However, a physical dipole will always have a non-zero cylindrical radius, and its effect on self-clutter will be examined later.
If the magnitude of Ez is written-out, the terms in R may be collected into one factor, and the angular distribution of IEz I is seen to be the same for any spherical radius greater than zero:
This distribution is shown in Fig. 1 in which the half-power bearnwidth of each lobe is 90°. The hi-lobed distribution describes the primary field even when the magnetic dipole is enclosed by a cylindrical metal tube of radius 'p' as long as R <p.
The Total Field within the Tube
The theory of the total field within a metal tube is described in Append~A. The Zcomponent of the internal electric field is the sum of the primary field fi-omthe magnetic dipole, EPMMmY , and the field reflected horn the wall, EmFMmw:
Ez=EPMMARY +EmFEGED
The field transmitted into the tube wall, EwsMm, or ET, is equal to Ez evaluated at the interior air/tube bounday because of the continuity of the tangential components of the Efield. In a metal tube, at frequencies below the itiared, the parts of the propagation constant are equal to each other, namely cz = B =~=, and attenuation through the wall thickness 'd ' occurs as exp(-d / @ where 6 is the 'skindepth' given by d= l/a.
An Example
An Inconel tube with an inner diameter of 2.2c~a wall-thickness of O.127cm, and a conductivity of 8.2E6 S/m is typical of the smallest tube commonly found in boilers. The frequency of 47.88KHZ will be used to make the two-way path through the wall equal to one skindepth so that the second term in Eq.(3) becomes -8.7dB. In the following figures, the fields will be presented as normalized surfaces in cylindrical coordinates in which radial distances are relative to the tube radius. The increments of normalized radius and polar angle will be 0.1 and 10°respectively. Figure 2 illustrates the relative magnitude of Ez in the XY-plane. The figure is dominated by the double-peaks near the Z-axis. These occur because the field is computed ever more closely to the magnetic dipole located at the origin (where the graph is set to zero for display purposes). When the field along the tube wall at p = 1 is examined closely, the field is seen to vary as the cosine of the polar angle rather than as the sine-fbnction of the primary field, Eq.(4). This effect is caused by the large loss tangent which occurs in the metal tube. A small, Z-oriented, electric dipole placed anywhere within Fig. 2 would be excited by strong EZ -fields, and provide a large self-clutter. Figure 3 shows the relative magnitude of Ez in the plane where Z is one tube radius. The cosine-nature of the field along the boundary is now very apparent. The surface varies rapidly, but the Z-axis could be considered as a location for the receiving antenna. Figure 4 shows the relative magnitude of l?z in the plane where Z is one tube diameter. The surtlace appears as a folded disc, curved slightly downward at the outer edge, and with an undulation along the Y-axiswhich falls to zero at the center and at Y= Al. The primary field alone is shown in Fig. 5 , and, by comparison with Fig. 4 , vividly demonstrates the rotation due to the reflecting boundary.
Suppose a small electric dipole, with a radius of one-tenth the tube radius, is placed at the origin in Fig. 4 . The self-clutter field at the receiver is estimated as the mean value of the field along p = 0.1. Suppose fbrther that a crack is located along the exterior tube wall in the~-plane which is also the location of the source at Z = O. The ratio of l?~w~~~m to l?c~um~~, the first term in Eq. (3) is about 43 .6dB, but the SCR is -5. ldB which is below the detectability criteria. Any other Z-location of a crack will fhrther reduce the SCR. For example, if the crack is located at Z = one tube radius, the l!7~field is reduced by 3dB because of the bearnwidth of the primary field, and the SCR decreases to -8. ldB.
The problem is that the reflected field does not sufficiently reduce the primary field at the location of the receiving antenna. For example, using Figures 4 and 5, the ratio of the self-clutter field with the tube present, to the field with the tube absent, is only -12.6 dB. There are three changes that can be made:
. Increase the antenna separation distance q Change the operating frequency . Reduce the dk.rneter of the electric dipole.
Distance. Increasing the antenna separation distance is dubious for two reasons: The allowance for the scattering loss would have to be increased because of the increased path length in the metal.
Freauency. If the frequency is increased by a factor of 4, the ET field increases by 7.3dB, but the skin depth is halved and the path loss increases by 8.7dB. The self-clutter increases by about 5.4dB, and the net result is that the SCR decreases from -5.1 dB to -11.9dB. If the frequency is decreased by a factor of 4, the l?T field decreases by 8.4dB, but the skin depth is doubled and the path loss decreases by 4.3dB. The self-clutter decreases by 5.5dB, and the net result is that the SCR decreases from -5.1 dB to -3 .6dB. By how much can the Iiequency be decreased in an effort to raise the SCR to 6dB? This question cannot be answered without a model Iibrmy of cracks and their scattering loss, but the scattering loss will eventually increase with decreasing frequency as the maximum dimension of the crack becomes a smaller fraction of the wavelength in the metal.
DiRole Diameter. In the present example the dkuneter of the electric dipole is taken as one-tenth the inner dkuneter of the tube or 0.22cm. Reducing the dipole thickness by a Figure 3 Relative Ez-field within a 2.2cm metal tube at Z = 1.Icm ctube8adcf ctuba8a.dat -ctube8awkl ctubeo.08a I ctube7a.dcf ctube7a.dat ctube7a.wkl ctubeo.07a
Figure 4
Relative Ez-field with a 2.2cm metal tube at Z = 2.2cm
Figure 5
Relative G-field within a 2.2cm air tube at Z = 2.2cm cpril a.dcf cpril a.dat cpril a.wkl cprio.01 a factor of four with the use of printed circuit techniques, and coupling directly to an integrated preamplifier, would raise the SCR from -5. ldB to 6.9dB and make the crack detectable.
Conclusion
Numerical computations of the fields show that the use of a printed-circuit receiving dipole and integrated amplifier could detect cracks whose scattering loss is not less than -40dB. It would be desirable to develop a catalog of practical cracks which are found in a variety of pipe sizes and conductivities. A three-dimensional model code Alumbaufi 1996% 1996b) could be used as a means of estimating the scattering loss'of each catalog entry. The design and development of an instrument could be undertaken if the modeling showed that practical cracks have scattering losses greater than -40dB.
APPENDIX Electromagnetic Fields in a Cylindrical Void within a Complex Media
The solution for the electromagnetic fields within a borehole surrounded by a complex homogeneous medium was included by J. R. Wait and David A. Hill as part of an article devoted to another topic wait . The theory is summarized below with the authors' notation in which time-harmonic fields are assumed in accordance with exp(jd).
Geometry
Figure Al depicts the XY-plane intercepted by a circular cylinder of radius 'ao'whose axis is coincident with the Z-axis. A magnetic dipole, with its moment parallel to the Xaxis, is located at cylindrical coordinates (pJ,PI,0) where pl e ao, and the field point is at @ q,z) with P< a.. The cylinder is air-filled with permeability~and dielectric constant , and the surrounding homogeneous media has conductivity O, with permeability~and dielectric constant Se..
EZ Field
The Ez field is represented as a superposition of modes in terms of the Hertz potentials which supply the modal contributions: The boundary conditions at the cylinder/media interface can be succinctly expressed in terms of a radial wave impedance L and a radial wave admittance Y. at p = a. [Stratton, 1941] : 
and qO= r PO% is assumed to be the characteristic imPedance of the air inside the cylinder. The argument of the modified Bessel iimctions is aOv, and the prime, ' ,denotes differentiation with respect to v, the wavenumber within the cylinder.
Computational Notes
In the special case where the magnetic dipole is located at the origi~the representations of the Hertz potentials are simplified and only two modes are needed, namely m = +1. 
Eq.(A16) is undefined when p is zero, and Eq.(Al 7) is undefined when R is zero, because these respective radii would place the field-point at the location of the magnetic dipole.
As a check the magnitudes of these two formulas were compared for a frequency of 47.88KHz and p = 1.lcm in the XI'-plane. The magnitude-plots overlap as shown in Figure A2 where the figure is dominated by double-peaks near the Z-axis. These occur because the field is computed ever more closely to the magnetic dipole located at the origin (where the graph is set to zero for display purposes). Along the rim of the figure, 1(1 where the normalized radius is one, the magnitude varies as sin $) with maximums at 90°and 180°as required by Eq.(Al 7). The maximum difference between the two formulas is about 0.045% and is shown in Figure A3 . This relative accuracy of less than one-percent is sufficient for practical purposes. 
